INTRODUCTION
The successful invasion of various plant pathogens depends both on their ability to evade the defense mechanisms of the host and to use the available nutrient sources offered by the host. Thus, pathogens have evolved distinct lifestyles, including biotrophy, hemibiotrophy, and necrotrophy, that allow them to succeed (Solomon et al., 2003; Divon and Fluhr, 2007) . However, the molecular mechanisms underlying the central metabolic aspects of plant-pathogen interactions are poorly understood. Nitrogen (N) metabolism is a case in point now that available data for the role of N in disease appear rudimentary and even contradictory in most cases (Solomon et al., 2003; Walters and Bingham, 2007) . The competition for a N source between the pathogen and its host is a dynamic and complex process. Not only are pathogen infection and colonization affected by the N status but so are host N metabolism and translocation per se altered or manipulated during pathogen attack (Divon and Fluhr, 2007; Snoeijers et al., 2000) . Therefore, understanding how plants trade off the essential nutrients for balancing basal defense with growth and development has recently attracted much attention (Berger et al., 2007; Spoel et al., 2007) .
Plants contain N in the form of nitrate, ammonia, amino acids, amides, nucleic acids, and proteins. Organic Gln is the metabolic entry point and primary assimilation product for inorganic N (NO 3 2 and NH 4 + ), which is subsequently metabolized to the other three major amino acids, Glu, Asp, and Asn, and eventually to all other amino acids (Coruzzi, 2003) . Glutamine synthetase (GS), coupled with glutamate synthase (GOGAT), is the key enzyme catalyzing the primary and secondary assimilation of NH 4 + . In most plants, GS has two spatially distinct isoforms: cytosolic GS1 and plastidic GS2, the latter of which is critical for primary N assimilation (Coruzzi, 2003) . In plants, GS activity is regulated at the protein level, and oxidative modification of GS has been implicated as the first step in the turnover of GS (Ortega et al., 1999 , Palatnik et al., 1999 . Susceptibility of GS to reactive oxygen/nitrogen species has also been found in cyanobacterium (Gó mez-Baena et al., 2006) , which suggests that GS might be a target of oxidative stresses (Motohashi et al., 2001) . Growing evidence indicates that the expression of GS2 is suppressed in plant leaf tissues during pathogen attack, whereas that of GS1 is induced (Pageau et al., 2006; Perez-Garcia et al., 1995 , suggesting an intricate spatiotemporal regulation of Gln biosynthesis in the host during pathogen infection. Indeed, there is evidence for amino acid homeostasis playing a role in plant defense, as revealed in studies on aminotransferases or homoserine kinase (Song et al., 2004; Taler et al., 2004; van Damme et al., 2009) .
In addition to de novo biosynthesis, the uptake and translocation of amino acids also impact the N status and concentration in plant tissues. Plants have a multitude of amino acid transporters, which display different substrate selectivity and subcellular distribution and likely function in intra-and intercellular transport, the capture of amino acids from the apoplast, and uptake of amino acids from the soil (Fischer et al., 1998) . The Arabidopsis thaliana genome contains five gene families comprising at least 67 genes whose products have been annotated as putative amino acid transporters (Rentsch et al., 2007) . How these transporters impact N homeostasis during pathogenesis remains unknown.
Plants have complex immune mechanisms against pathogens (Jones and Dangl, 2006) , the basal defense response being one of them. It operates in both incompatible and compatible interactions and is effective after recognition of the pathogen by host surveillance systems. Both positive and negative regulators have been identified in defense system, and, among these, most is known about the positive regulator, phenolic compound salicylic acid (SA). SA is synthesized in chloroplasts via the Phe pathway and/or the chorismate (the precursor of Phe) pathway (Wildermuth et al., 2001) . SA accumulation has been widely used as a reliable marker of elevated defense responses and is closely associated with redox homeostasis, hypersensitive cell death, or systemic acquired resistance (Dong, 2004; Song et al., 2004) ; however, the exact role of SA in defense networks remains elusive. To identify novel components of the SA-associated defense pathway and to extend our work on the role of iron homeostasis in plant defense responses (Liu et al., 2007b) , we investigated the roles of various Arabidopsis transporters, including amino acid/polyamine transporters/permeases, in disease resistance. We revealed that an amino acid transporter, LYSINE HISTIDINE TRANSPORTER1 (LHT1) (Chen and Bush, 1997; Hirner et al., 2006) , is involved in the development of disease symptoms. Further investigations demonstrated that LHT1 is a negative modulator of disease resistance and that its substrate, Gln, when integrated with the SA pathway, plays pivotal roles in plant defense responses. Our results provide insight into how a primary metabolite (i.e., Gln) influences the plant defense response.
RESULTS

Disruption of LHT1 Enhances Disease Resistance to a Broad Spectrum of Pathogens
In our survey of mutations in amino acid/polyamine transporter/ permease-like genes in Arabidopsis that alter their response to pathogen infection and SA treatment, we found that a T-DNA insertion mutation in the At5g40780 locus resulted in strong leaf chlorosis. At5g40780 was initially designated as a basic amino acid transporter and named LHT1 (Chen and Bush, 1997) . Multiple independent T-DNA insertions in LHT1, named lht1-1 to lht1-7, showed similar defense phenotypes to Pseudomonas syringae infection and reduced sensitivity to toxic D-Ala (see Supplemental Figures 1A to 1D online) , which confirms the connection between LHT1 and these phenotypes. Hereafter, lht1 will be used to refer to the lht1-1 mutant, except where noted otherwise.
Initially, we thought that the accelerated leaf chlorosis in the lht1 T-DNA insertion mutants was due to enhanced disease susceptibility. We thus further examined the detailed response of lht1 to various P. syringae pv tomato strains, including virulent DC3000 (PstV), avirulent DC3000 harboring avrRpt2 (PstA), and type III secretion system-defective Pst hrcC. Unexpectedly, we found that the stronger leaf chlorosis in the lht1 mutant was associated with enhanced disease resistance rather than susceptibility. After inoculation with the virulent strain, bacterial proliferation in the mutant was 4-and 2-fold less than in the wild-type plant at 2 and 5 d after inoculation (DAI), respectively ( Figure 1A ). We also noticed significantly less growth (P < 0.05) in the mutant at 2 DAI, but not 5 DAI, relative to the avirulent strain ( Figure 1A ). These tests were conducted with three biological repeats and multiple technical replicates at each repeat, and all results showed a similar trend. No significant difference in terms of bacterial growth was found between the wild type and the lht1 mutant in response to Pst hrcC, even although this strain was inoculated at a higher titer than the other two strains as done in a previous study (Navarro et al., 2008) due to its slow growth. Pst hrcC carries a deletion in the hrcC gene that encodes a component of the type III secretion system (Wei et al., 2000) and is defective in delivering type III virulence effectors into host cells. This strain still triggers pattern-triggered immunity and hence serves as a useful control for examining basal defense response in plant cells. Interestingly, when callose deposition, a sensitive cellular marker for basal defense responses (Hauck et al., 2003) , was investigated, lht1 plants infected with each of the three Pst strains exhibited enhanced callose accumulation compared with their wild-type counterparts ( Figure 1B ). Although growth of the hrcC strain was dramatically reduced in comparison to a virulent Pst strain ( Figure 1A ), no significant difference was observed between wild-type and lht1 plants. However, we observed more big callose depositions (Ham et al., 2007) in lht1 mutants than in wild-type plants.
Extending this analysis, we further tested the mutant for resistance to the hemibiotrophic fungus Colletotrichum higginsianum (anthracnose pathogen; Ch) and the biotrophic fungus Erysiphe cichoracearum (powdery mildew; Ec). Compared with wild-type plants, the mutant displayed less fungal growth and fewer symptoms when infected with Ch and Ec ( Figures 1C to  1E ). Notably, this resistance was not because of pathogen penetration failure in the mutant but appeared to be due to enhanced host defense responses associated with host cell death, as revealed by nuclear condensation in Ch-infected epidermal cells, and tissue collapse, which correlated with callose deposition beneath the mildew-infected sites (see Supplemental Figures 2A and B online) . Thus, disruption of the single amino acid transporter LHT1 promoted postinvasion resistance to a broad spectrum of pathogens, likely by promoting hypersensitive cell death.
Pathogen Infection Activates LHT1 Expression
To further examine the involvement of LHT1 in susceptibility, the levels of LHT1 transcripts in wild-type plants were monitored following pathogen attack. The accumulation of LHT1 transcripts was substantially induced after inoculation with either bacterial or fungal pathogens (Figure 2A ). Additional evidence was obtained with reporter expression assays using LHT1 pro -GUS (for b-glucuronidase). GUS staining was tightly associated with the site of pathogen infection in all three pathosystems, Pst ( Figure  2B ), Ec ( Figure 2C ), and Ch ( Figure 2D ). With Ch or Ec fungal infection, expression was found not only in the infected leaf epidermal cells but also in the uninfected mesophyll cells beneath the surface. In addition, the reporter was expressed at high levels in roots, pollen, and vascular strands of noninoculated plants (see Supplemental Figures 3A to 3G online) , reflecting the important housekeeping function of LHT1 (Hirner et al., 2006) .
There are eight LHT1-like genes in the Arabidopsis genome (see Supplemental Figure 4A and Supplemental Data Set 1 online). LHT1 was constitutively expressed in all tissues, with the strongest signals in roots and leaves, whereas LHT2 and LHT3 showed strong signals in flowers and stems, respectively (see Supplemental Figure 4B online). However, none of these LHT1-like genes was induced by pathogen infection (see Supplemental Figure 4C online), suggesting that LHT1 plays a unique role in the response to pathogen attack.
The lht1-Conferred Phenotypes Are SA-Dependant
We employed a set of mutant or transgenic plants defective in the SA, jasmonic acid (JA), or ethylene (ET) pathways to examine the impact of these mutations on LHT1 expression and function (see Supplemental Figure 5 online). Induction of LHT1 by pathogen infection was greatly reduced in SA-associated NahG (transgenic plants harboring salicylate hydroxylase gene NahG) and pad4-1 (phytoalexin deficient 4) plants, especially after inoculation with Ec, in contrast with the JA-or ET-defective mutants, jasmonate resistant1 (jar1-1), ethylene insensitive 2 (ein2-1), and ethylene responsive1 (etr1-1). We further analyzed the effect of these pathways on disease resistance of lht1 by creating double mutants. Double mutants of lht1 and SA-associated pathway genes (i.e., nonexpressor of pathogenesis-related protein1 [npr1-3] , SA induction deficient 2 [sid2-1], pad4-1, or NahG) were as (A) and (B) Bacterial growth and callose deposition in the leaves of wild-type Col-0 (WT) and the lht1 mutant after infiltration with virulent (Pst V, 10 5 cfu mL À1 ), avirulent (Pst A, 10 5 cfu mL À1 ), and hrp-deficient (Pst hrcC, 10 6 cfu mL À1 ) strains, respectively. (A) Bars represent mean values (6SD, n = 9) of colony-forming units per square centimeter from three parallel samples each consisting of eight leaf discs. Asterisks denote pathogen growth with statistically significant differences between the wild type and lht1 at the same time point within an individual strain (P < 0.05; two-sided t test). (B) The callose (white dots, strips, or circles) was stained with aniline blue and examined by epifluorescence microscopy 12 h after Pst infiltration. The number in each photograph indicates the average and SD of callose deposits per mm 2 leaf from seven independent leaves. Bars = 50 mm. sensitive as the respective single SA mutant in response to Ec or Ch infection. By contrast, mutations in the JA (jar1) or ET (ein2) pathway or in an aminotransferase (ald1, AGD2-like defense response protein1) (Song et al., 2004) did not diminish the enhanced resistance that was attributable to the lht1 mutation ( Figure 3A) . PR1 expression is a hallmark of the SA pathway. The lht1 single mutant showed constitutive expression of PR1, whereas the double mutants affected in the SA pathway were compromised in both constitutive and pathogen-induced expression of PR1 ( Figure 3B ), consistent with the disease phenotypes noted above. The lht1 npr1 double mutant showed an intermediate level of PR1 transcript after pathogen attack, supporting the hypothesis that SA-dependent, NPR1-independent PR1 expression pathways exist.
The link between LHT1 activation and the SA pathway was also supported by the rapid induction of LHT1 transcripts in response to SA treatment ( Figure 3C ). The observation that LHT1 expression was induced within 1 h of SA treatment suggests the presence of a positive feedback regulation loop by SA, as proposed for many well-known positive defense regulators, including NPR1, PAD4, or ENHANCED DISEASE SUSCEPTI-BILITY1 (EDS1) (Shah, 2003) . However, the transcriptional induction of LHT1 by SA suppresses plant defense reactions, which is in contrast with NPR1 or PAD4, whose enhanced expression by SA promotes SA-dependent defense responses. Furthermore, SA application caused severe leaf chlorosis in lht1, lht1 ein2, lht1 jar1, and lht1 ald1 plants, weak chlorosis on lht1 pad4, lht1 sid2, and lht1 npr1 plants, and none on lht1 NahG plants ( Figure 3D ), suggesting that knockout of LHT1 promoted the biosynthesis of and/or hypersensitivity to SA. Notably, the lht1 mutant accumulated more SA than did the wild type, both before and after pathogen (Pst) attack ( Figure 3E ). Collectively, these results demonstrate that LHT1 negatively modulates defense responses by interacting with the SA-dependent pathway.
The lht1 Phenotypes Are Associated with Altered Redox Status
The lht1 mutant displayed accelerated leaf senescence (Svennerstam et al., 2007) . Particularly when grown under a long photoperiod (16 h), early senescence was exclusively associated with old leaves, and the senescing leaves showed an enhanced oxidative burst, as detected by 3,3-diaminobenzidine (DAB) staining (see Supplemental Figures 6A to 6D online) . Interestingly, this lht1-associated early senescence could be efficiently suppressed when the SA pathway was perturbed by NahG, pad4, sid2, or npr1 mutations ( Figure 4A ), and this senescence suppression pattern resembled the disease responses in the lht1 NahG, lht1 pad4, lht1 sid2, and lht1 npr1 double mutants ( Figure 3A) . Considering that the suppression of the senescence and defense responses in lht1 mutants depends on a light/SA-associated redox imbalance, we tested if the accelerated cell death observed in lht1 mutants during pathogen attack was linked to redox status. Two major cellular redox intermediates, H 2 O 2 and nitric oxide (NO), were monitored in leaf tissues during the infection time course. H 2 O 2 -specific DAB coloration was always evident in the Ec-infected epidermal cells housing the primary haustoria and in the mesophyll cells beneath them in the lht1 mutant, but only occasionally in the wild type ( Figure 4B ). Confocal imaging showed that H 2 O 2 and NO, detected by 2,7'-dichlorohydrofluorescin diacetate (DCF-DA) and diaminofluorescein diacetate (DAF-DA), respectively, accumulated both in the apoplasts and chloroplasts of mildew infectionassociated mesophyll cells in lht1 plants ( Figure 4B ). The NO signal was also highly conspicuous in the nuclei (see Supplemental Figure 7 online). Notably, the accumulation of H 2 O 2 and NO in the mesophyll overlaps spatially with pathogen-induced LHT1 pro -GUS reporter expression, indicating that LHT1 activity might prevent the redox balance from shifting to the oxidative state, especially in photosynthetic tissues.
The biological redox relay network is very complex (Mittler et al., 2004; Foyer and Noctor, 2005) . We adopted a genetic approach to investigate the role of LHT1 in the biological redox relay network. We generated double mutants consisting of lht1 and pad2 (g-glutamylcysteine synthetase) (Parisy et al., 2007) , which affects GSH metabolism by decreasing GSH biosynthesis; rbohD (respiratory burst oxidase homolog D) (Torres et al., 2002) , which decreases NADPH oxidase activity and thereby affects the production of reactive oxygen species (ROS) in the plasma membrance; apx1 (ascorbate peroxidase) (Davletova et al., 2005) , which affects the metabolism of hydrogen peroxide (H 2 O 2 ) in the cytoplasm; or nudt7 (Nudix hydrolase homolog 7) (Bartsch et al., 2006; Ge et al., 2007) , which affects NADH hydrolysis, perturbing cellular redox homeostasis and resulting in a higher level of NADH in pathogen-challenged leaves. None of these four (E) Free SA concentrations before (CK) and after (INO, inoculated) pathogen infections (mean 6 SD; n = 3). Asterisks indicate that the SA concentration in lht1 plants is statistically different (P < 0.05; two-sided t test) from that in the corresponding wild-type plants. fw, fresh weight. mutations alone had a visible senescence-associated effect on plants, even when grown under 16-h light conditions. However, the double mutants lht1 apx1 and lht1 nudt7 displayed stronger senescence phenotypes than did the single lht1 mutant ( Figure 4C ). By contrast, lht1 rbohD and lht1 pad2 plants did not exhibit such developmental differences compared with lht1 plants. However, the lht1 pad2 double mutant showed a water soaking-like leaf chlorosis. We assayed PR expression in all of these double mutants and found synergetic induction of PR1 and PR2, particularly in lht1 nudt7 ( Figure 4D ). Thus, these results show that the APX1-, PAD2-, RBOHD-, and NUDT7-dependent cellular redox pathways intersect, albeit to various extents, with the LHT1-associated redox regulation that leads to developmental and defense responses.
Microarray Analysis Links LHT1 to the Defense Response, Cellular Redox, and Nitrogen Metabolism
To gain an overview of the global gene expression profile in lht1, we analyzed its transcriptome using ATH1 Affymetrix chips. Briefly, we found that 1140 and 1204 genes were up-and downregulated, respectively, in wild-type plants upon infection with Pst DC3000 when compared with noninoculated wild-type plants, whereas in uninfected lht1, 3298 and 3082 genes were up-and downregulated compared with noninoculated wild type. Thus, lht1 was more active than virulent Pst-challenged wild type at aspect of differential gene expression. However, there was a substantial correlation in gene expression changes between lht1 and wild-type plants in response to pathogen challenge (see Supplemental Figure 8 online). Functional classification established that 875 genes were upregulated both in the infected wild type and in the uninfected lht1 mutant. These genes included genes associated with defense pathways and redox homeostasis. Table 1 highlights some of these genes. Although this list is not comprehensive, it does illustrate that patterns of gene expression in uninfected lht1 plants mimic those in infected wild-type plants. Notably, chorismate and the downstream Phe, Trp, and SA metabolism-related genes, systemic acquired resistance-associated ALD1 (Song et al., 2004) , and redox homeostasis-and defense-associated genes, FMO and NUDT (Bartsch et al., 2006) , were among the most upregulated genes in the lht1 mutant (Table 1, Figure 5A ). Among the most downregulated genes in lht1 were ERF/AP2 (ethylene responsive factor/activator protein-2) transcription factors and auxin (indole-3-acetic acid)-responsive proteins, which in part reflects the antagonistic effect between SA and those pathways.
Common marker genes for sensing intracellular N deficiency, including two major inorganic N (NO 3 2 and NH 4 + ) transporters, NRT1 and AMT1, were also strongly upregulated in lht1 ( Table 1) . The photorespiration pathway genes were downregulated in lht1 ( Figure 5A ), suggesting that the coordination of redox balance and NH 4 + reutilization in green tissues was affected in the mutant. These results led us to reassess if the enhanced defense reactions in the lht1 mutant merely rely on a general N deficiency. To test this, we compared the defense responses of a wellcharacterized inorganic N-deficient double mutant, nia1 nia2 (Wilkinson and Crawford, 1993) , with those of lht1 and a triple mutant, lht1 nia1 nia2, that we generated and confirmed by sequencing. Both nia1 nia2 and lht1 nia1 nia2 plants exhibited the typical general N deficiency phenotype (small and yellowish plants). The double nia1 nia2 mutant did not exhibit enhanced PR1 expression or have altered resistance to infections by Ec and Ch compared with wild-type plants; therefore, a general N deficiency does not impact disease resistance ( Figure 5B ). Not surprisingly, this general N deficiency did not promote the disease resistance phenotype of lht1, as observed in the lht1 nia1 nia2 triple mutant. Therefore, despite the fact that the status and location of different N forms are tightly correlated in plant cells (Coruzzi, 2003) , it appears that elevated resistance in lht1 is not directly linked to inorganic nitrogen assimilation and the associated general N status.
Gln Is One of the Main Physiological Substrates of LHT1
To analyze the metabolic nature of the enhanced defense response in lht1 leaves, we profiled free amino acids in plants subjected or not to powdery mildew attack ( Figure 6A ). Among the 16 amino acids detected in our method, the most abundant were Gln, Glu, Asp, and Ser, which together accounted for 64.3 and 64.9% of the total amount of amino acids present in the wild type and lht1, respectively. Gln, Ala, and Pro contents were significantly lower (P < 0.05) in lht1 than in wild-type plants. The mutant showed a tendency to have lower levels of other amino acids also, reflecting a general deficiency of free amino acids in the lht1 mutant. Notably, the amino acid depletion was also observed in wild-type plants after pathogen infection, which exhibited a significant (P < 0.05) decrease in Gln, Gly, and Pro. Interestingly, large changes of free amino acids in wild-type plants, particularly of Gln levels, occurred at 3 DAI, and no further significant decrease was detected at 9 DAI, indicating that host cellular Gln depletion occurs soon after infection and does not coincide with the pathogen's heavy colonization. These data suggest that free amino acids, especially Gln, might be quickly drained from infection sites during the early infection process in the wild type, although this would be alleviated to some degree due to the presence of LHT1. Thus, the enhanced defense response in lht1 mutant is likely due to altered amino acid homeostasis. A question that now arises is which amino acid(s) transported by LHT1 plays the major role in suppressing defense responses. LHT1, initially defined as a Lys/His-specific transporter (Chen and Bush, 1997) , was later reported to transport a broad spectrum of amino acids in a heterologous yeast expression system (Hirner et al., 2006) . However, a recent report using an in planta approach with 15 N-labeled amino acids demonstrated that LHT1 has a critical role in the uptake of L-Gln and L-Ala but not L-Lys (Svennerstam et al., 2007) . In view of these contradictory results, we adapted an assay that uses D-enantiomeric amino acids (Erikson et al., 2004) . D-enantiomers are generally toxic to plant cells but are thought to be taken up by the same transporters and with similar kinetics as their L-form counterparts (Erikson et al., 2004; Svennerstam et al., 2007; Forsum et al., 2008) . Our results showed that, although both lht1 and wild-type seeds germinated well on complete Murashige and Skoog (MS) medium supplemented with a range of concentrations of D-amino acids, except for D-Cys, significant inhibition of root and leaf development were observed, indicating that all tested D-enantiomers are toxic to Arabidopsis (see Supplemental Figure 9 online). Interestingly, the root growth of both the wild type and lht1 was inhibited equally by all D-enantiomers, except by D-Gln and D-Asn, which inhibited the wild type to a greater degree than it did the lht1 mutant. To further validate this specific inhibition, we used D-enantiomers of Glu, Gln, Asp, or Asn as the sole N source in the germination assay. Consistently, root development was more sensitive to inhibition by D-Gln and D-Asn in the wild-type plants than in the lht1 plants ( Figure 6B ). Given that free Gln is the most abundant amino acid in planta and that it is the amino acid that is most significantly changed in both the lht1 mutant and in pathogen-infected wild-type plants, Gln might be one of the main physiological substrates of LHT1. We therefore examined this possibility in further studies.
A Gln Deficiency Is Correlated with Activation of Defense Responses
We used the following genetic and pharmacological approaches to validate the involvement of Gln in disease resistance. The Arabidopsis mutant gdu1-1D specifically expels Gln from cells on the leaf edges (Pilot et al., 2004) . Interestingly, we found that the leaves of this Gln dumper mutant showed spontaneous lesion-mimic when Gln hypersecretion from hydathodes was conspicuous ( Figure 7A ). H 2 O 2 and callose accumulated in the lesions ( Figures 7B and 7C ). The expression of PR1, as well as of LHT1, was highly activated in the leaves. The ammonium transporter gene AMT1;1 has been used as a molecular probe for sensing the N status, and its expression is specifically induced by cytosolic Gln depletion (Rawat et al., 1999) . Expression of AMT1;1 was constitutively activated in both the gdu1 and lht1 mutants, suggesting that Gln is deficient in the leaf tissues of these mutants ( Figure 7D ). Not only did the gdu1 plant display the hallmarks of the activated defense response, such as enhanced ROS production and PR1 accumulation, but it also exhibited strong disease resistance, similar to lht1, in the form of postinvasion-associated cell death and pathogen arrest ( Figure 7E ).
Pharmacological intervention of Gln synthesis in wild-type plants also confirmed the involvement of Gln depletion in the plant defense response. Direct Gln administration onto leaves resulted in strong inhibition of H 2 O 2 production (see Supplemental Figure 10A online). The herbicide L-PPT (L-phosphinothricin or glufosinate), a potent inhibitor of GS, caused leaf chlorosis within three to 4 d of application (see Supplemental Figure 10B online). Coadministration of Gln and L-PPT alleviated the chlorosis symptoms in proportion to the Gln concentration used (see Supplemental Figure 10C online), indicating the specificity of Gln biosynthesis inhibition by L-PPT. Transcription of PR1 and AMT1;1 was upregulated in response to the L-PPT treatment ( Figure 7F ). Thus, L-PPT-provoked PR1 gene expression (Ahn, 2008) is due to the endogenous depletion of Gln.
We also showed that pathogen attack promoted intracellular Gln depletion in host cells. Induction of AMT1;1 expression was noticeable upon either bacterial (PstV) or fungal (Ec) attack ( Figure 8A ). AMT1;1 accumulation was also specifically observed in Ec infection-associated host cells expressing an AMT1;1 pro -AMT1;1-GFP (for green fluorescent protein) construct ( Figure 8B) .
Finally, we demonstrated that the inhibition and degradation of GS enzymes contributed to intracellular Gln depletion in the host during pathogenesis. The GS proteins were degraded by 6 d after Ec infection; however, the degradation was largely attributed to the plastidic isoform, GS2, rather than to cytosolic GS1 ( Figure 8C ), as revealed in other pathosystems (Perez-Garcia et al., 1995 Pageau et al., 2006) . We repeatedly detected similar GS degradation patterns during infection processes by immunoblot analysis of crude leaf extracts from intact leaf tissues; however, cleaved fragments of GS2 were not present in chloroplast lysates when the same leaf materials were used for chloroplast preparation, suggesting that the hydrolyzing process outside the plastid might be responsible for the degradation of GS2. Recent studies demonstrated that senescence-associated vacuoles are involved in the degradation of chloroplastic proteins, including GS2, the large subunit of ribulose-1,5-bis-phosphate carboxylase/oxygenase, and other soluble photosynthetic proteins of the chloroplast stroma during leaf senescence (Feller et al., 2008; Martínez et al., 2008) . We propose that an extraplastidic pathway involving senescence-associated vacuoles might participate in the degradation of plastidic GS proteins during pathogen infection.
Although protein degradation was evident at 6 DAI, significant inhibition of GS activity in either whole leaves or chloroplast proteins occurred as early as at 3 DAI ( Figure 8D ). Note that, at 3 DAI, there is no massive fungal colonization, chlorophyll [See online article for color version of this figure.] degradation, or nutrient deprivation. Thus, inhibition of GS2 activity occurred before GS2 degradation during the infection process. It is unlikely that a nonspecific cellular protein remobilization process contributed to the reduction in GS2 activity during the early stages of infection with a lower density inoculation (5 to 10 conidia mm 22 ) of Ec than that used in a normal inoculation (20 to 50 conidia mm 22 ). Whereas the SDS-PAGE analysis of crude extracts of leaf tissues showed no distinct changes in protein profiling between noninfected and infected leaves, regardless of the infection time points (3 or 6 DAI) ( Figure  8C ), it is possible that GS2 protein degradation at later stages of pathogen infection (6 DAI) might be due in part to a senescence remobilization process. SDS-PAGE analysis of chloroplast lysates extracted from the same leaf materials revealed dramatic changes in chloroplastic protein dynamics during the infection process. Chloroplastic protein turnover, which includes elimination of GS2 activity, might be involved in the early stages of host response against pathogen infection.
In agreement with GS protein stability being sensitive to oxidative stress (Ortega et al., 1999; Palatnik et al., 1999; Gó mez-Baena et al., 2006) , the GS activity in Arabidopsis leaves was inhibited by reactive oxygen or nitrogen species ( Figure 8E) , and ROS and NO exhibited an additive effect in this regard. These results suggest that the oxidative burst triggered by pathogen attack may lead to diminished GS2 activity and subsequently to Gln deficiency.
DISCUSSION
LHT1, an Important Amino Acid Transporter, Influences Plant Immunity LHT1 was previously reported to be a basic amino acid transporter (Chen and Bush, 1997) and was recently shown to be involved in amino acid uptake in roots and in supplying leaf mesophyll with xylem-derived amino acids (Hirner et al., 2006; Svennerstam et al., 2007) . Here, we show that Arabidopsis LHT1 acts as a novel modulator of the plant defense response. The pathogens suppress plant immunity by enhancing the expression of LHT1 very early in the infection process, before the hallmark upregulation of PR1, supporting the claim that foliar pathogen-induced reprogramming of host metabolites occurs in presymptomatic tissues via active signaling, as proposed by Spanu and Kä mper (2010) . It is clear from elaborate genetic evidence that the SA pathway, but not the ET or JA pathway, is specifically and intriguingly co-opted for this induction. The as1 element, a binding site for bZIP transcription factors that are essential for SA-induced gene expression, is present in the LHT1 promoter (Liu and Bush, 2006) . The as1 element likely provides the physical link between SA signaling and regulation of amino acid transport. The increased level of SA in the lht1 mutant is presumably due to the upregulation of chorismate/Phe metabolismrelated genes, as seen in the microarray analysis ( Figure 5A , Table  1 ). Thus, the perturbed amino acid homeostasis in the lht1 mutant might in turn contribute to SA production/signaling. Whereas this study focused on the plant immune response to biotrophic/ hemibiotrophic pathogens, we also tested the role of LHT1, if any, in the defense response against necrotrophic Sclerotinia sclerotiorum. The lack of any significant difference in disease development between the wild type and the lht1 mutant reinforces the idea that LHT1 is involved in SA-dependent defense.
In the absence of LHT1, the lht1 plants became more resistant to a broad spectrum of pathogens. Enhanced resistance in lht1 plants was associated with accelerated callose deposition, H 2 O 2 /NO accumulation, and programmed cell death at the site of pathogen challenge. The enhanced accumulation of H 2 O 2 and NO, two major cellular redox intermediates, in pathogeninfected epidermal cells and at the apoplast and chloroplast of the mesophyll cells of lht1 plants resembled the expression (C) Pathogen infection-associated turnover of GS proteins as determined by immunoblot analysis. Total proteins were extracted from intact leaf tissues or chloroplasts (Chl) of leaves inoculated with Ec. The films of the same blot were exposed for different time periods (top and middle panels; the film in the middle panel was exposed for a longer period than was that in the top panel) to differentiate the dynamic changes between isoforms GS1 and GS2. The same amounts of proteins used for immunoblot were visualized by Coomassie blue staining (bottom panels). The abundant known marker proteins in chloroplasts are indicated. PPDK, pyruvate phosphate dikinase; TKL, transketolase; RbcL, ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit.
(D) Total GS activity was suppressed after mildew infection. GS activities were measured from total proteins extracted from leaf tissues or isolated chloroplasts of wild-type Arabidopsis leaves 3 and 6 DAI with Ec or a mock inoculation. The bar values represent means 6 SD (n = 6). Asterisks indicate statistically significant differences (P < 0.05; two-sided t test) compared with the control. (E) Total GS activities were inhibited by reactive oxygen/nitrogen species. Total leaf proteins were prepared at the indicated time points after infiltration with either single or combined compounds. GO, glucose oxidase (0.5 units mL À1 ); Cat, catalase (300 units mL À1 ); SNP, sodium nitroprusside (0.5 mM); cPTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (500 mM). The bar values represent means 6 SD (n = 3). Asterisks indicate statistically significant differences (P < 0.05; two-sided t test) compared with the control (CK). pattern of GUS driven by the native LHT1 promoter, which establishes a correlation between the regulation of LHT1 expression and changes in cellular redox homeostasis. Collectively, our data suggest that LHT1 is an important modulator of plant immunity.
The Plant Defense Response Appears to Be Suppressed by Gln, a Substrate of LHT1
Because pathogens require N from their hosts, the amount of N available to pathogens can alter the pathogenic outcomes of infection. Thus, although increased amounts of N are traditionally thought to render plants more susceptible to certain types of pathogens, including biotrophic rusts and powdery mildews, the underlying molecular mechanism remains unknown. The total soluble N pool appears to be abundant in leaves (millimolar level), but N availability might be generally limiting to pathogens (Snoeijers et al., 2000; Divon and Fluhr, 2007) . Several reports showed that pathogens prefer specific amino acids to inorganic N (Hahn et al., 1997; Pellier et al., 2003; Solomon et al., 2003) . It is possible that it is not the amount of N but the form of N that is available to the host or pathogen that affects disease susceptibility or resistance. In addition, N concentrations in the apoplast and symplast of the host tissue could be dramatically different, and some biotrophic pathogens can only absorb a cytosolic N source via haustoria or invasion vesicles (Solomon et al., 2003) .
Our study provides compelling evidence that the depletion of cellular amino acids, rather than of inorganic NH 4 + , enhances host defense responses. We showed that total free amino acid levels were reduced in host tissues upon pathogen infection. In the lht1 mutant, our microarray analysis suggested that amino acid depletion was accompanied by a cytosolic NH 4 + deficiency, which might also be associated with an accumulation of NH 4 + in the apoplastic fluid of lht1 (Hirner et al., 2006) . The fact that a nitrate reductase-null mutant, nia1 nia2, depleted in cellular NH 4 + levels showed similar levels of defense responses and disease severity to pathogen infection as did wild-type plants indicates that limiting cytosolic NH 4 + is an unlikely candidate for triggering host defense responses. The lht1 nia1 nia2 triple mutant showed growth phenotypes similar to nia1 nia2 plants but exhibited enhanced defense responses that resembled the lht1 responses against pathogen infections, suggesting that N status in the form of amino acids influences host defense responses.
In Arabidopsis leaves, Gln, Glu, Asp, and Ser are the most abundant amino acids, accounting for 64.3% of the total amino acids present. Although LHT1 was previously reported to be a broad-spectrum amino acid transporter (Hirner et al., 2006; Svennerstam et al., 2007; Forsum et al., 2008) , these abundant amino acids are possibly the main physiological substrates of LHT1. Growth assays on D-amino acids as the sole nitrogen source showed that the root growth of the lht1 mutant was less sensitive to the toxic D-Gln and D-Asn, suggesting that Gln and Asn are preferred substrates of LHT1. We focused on Gln in this study, and our conclusion that Gln deficiency plays a major role in enhanced defense responses of lht1 plants, not necessarily to the exclusion of a similar role for Asn, was supported by the use of a well-characterized genetic mutant, Glutamine dumper (gdu1). This mutant showed massive Gln secretion at its leaf margins (Pilot et al., 2004 ) and a depletion of cytosolic Gln, accompanied by hallmarks of activated defense responses and enhanced disease resistance. The appearance of smaller, chlorotic leaves in the double mutant lht1 gdu1 indicates a possible synergetic effect between the lower uptake of Gln into and the enhanced secretion of Gln out of the leaf tissue (see Supplemental Figure 11 online). Additional support for this hypothesis was derived from pharmacological studies with glufosinate, which affects Gln synthesis.
Expression of AMT1;1, a molecular sensor of cytosolic Gln status (Rawat et al., 1999) , was induced during pathogen attack, suggesting that the infected host cells have an underlying deficiency in Gln. The Gln depletion in infected host tissues might also be due to the specific acquisition and usage of amino acids by the pathogen, as revealed in human pathosystems (Hofreuter et al., 2008; Blume et al., 2009) , although it appears that this direct pathogen drain might contribute only partially to this depletion, especially during the early stages of infection. Interestingly, expression of plastidic GS2, the major isoform of GS for Gln biosynthesis in leaves, was found to be downregulated during pathogen infection and senescence, which, in turn, causes a Gln deficiency in the chloroplast, a major site for Gln biosynthesis in normal plants. In this scenario, the Gln deficiency in chloroplasts in pathogen-infected wild-type tissues might be compensated for by importing cytosolic/apoplastic Gln via LHT1 or upregulating the activities of spatially distinct cytosolic isoforms of GS1. Expression of GS1s was found to be upregulated upon pathogen infection, but the level of upregulation might not be as effective as LHT1 in compensating for Gln content. Further investigation regarding the detailed relationship between GS1 and defenses is of great interest.
Gln Homeostasis Modulates the Cellular Redox Status
Plant cells require a constant flux of energy for continuous biomass production and physiological functions, which can only The model depicts the dynamic role of LHT1 (red circles) and its substrate Gln in suppressing cell death during pathogen infection. epi, epidermal cell; apo, apoplast; mes, mesophyll cell; chl, chloroplast.
[See online article for color version of this figure. ] be achieved through cellular redox regulation when pools of ATP/ ADP, NAD(P)H/NAD(P) + , and other redox carriers remain at balanced ratios.
The chloroplast, referred to as the powerhouse of photosynthetic cells, is also the major organelle involved in amino acid biosynthesis in plants. NH 4 + is assimilated in the chloroplast by ATP-dependent amidation of the g-carboxyl group of Glu by GS2 to form Gln. Subsequently, the amido group is transferred from Gln to 2-OG by Fd-GOGAT, with the concomitant consumption of reducing power (reduced ferredoxin) to form two molecules of Glu. One molecule reenters the GS/GOGAT cycle, and the other one represents the net product of NH 4 + assimilation. Import of 2-OG and export of Glu across the chloroplast membrane are probably catalyzed by a two-translocator system consisting of a 2-OG/malate antiporter (DiT1) and a Glu/malate antiporter (DiT2) (Renné et al., 2003; Schneidereit et al., 2006) . Thus, these malate shuttles would serve to export excess reducing equivalents from the chloroplast (Foyer et al., 2009) .
When pathogens infect a plant, carbon fixation (Calvin cycle), the main sink for photosynthetic ATP and NADPH, and other primary metabolic pathways are downregulated. Photorespiration is another sink for electrons, particularly in C 3 plants subjected to high levels of light, high temperatures, low CO 2 concentrations, or water deficits, which ultimately facilitate redox exchange between intracellular compartments (Noctor, 2006; Foyer et al., 2009) . Our microarray data indicate that transcripts for a set of photorespiration enzymes are largely repressed in lht1, as reported in the Arabidopsis mpk4 mutant, which exhibits constitutive activation of SA-dependent defenses (Foyer et al., 2009 ). Therefore, a great challenge regarding pathogen-infected plant tissues will be how to protect them from photooxidation. Biosynthesis of Gln and Glu provides a strong electron sink, consuming both ATP and reducing power generated during photosynthesis (Baier and Dietz, 2005) . We speculate that this role of Gln/Glu biosynthesis in consuming and translocating reducing equivalents becomes particularly important during pathogen infection: Gln deficiency in the plastid due to the inactivation of GS2 could inhibit the GS/GOGAT cycle. Therefore, maintaining GOGAT running smoothly in plastids by supplying Gln via LHT1 and/or cytosolic GS1 and the continuous malate valves would in part ensure the cellullar redox balance and integrity during pathogen infection.
Gln-Associated Redox Status Is Interconnected with the SA-Dependent Pathway
Our study shows that the lht1-conferred phenotypes are associated with the SA-dependant pathway. As discussed above, the deficiency of cytosolic Gln in lht1 plants will hamper the translocation of reducing equivalents in the chloroplast and trigger a redox imbalance. Accumulation of ROS, such as H 2 O 2 , will eventually induce SA-dependent and light-modulated cell death (Dietrich et al., 1997; Mach et al., 2001; Genoud et al., 2002; Bechtold et al., 2005; Noctor, 2006) , probably in part via the direct inactivation of the Gln-generating enzyme GS. Inactivation of GS by ROS or NO is indeed a very common phenomenon in both prokaryotic and eukaryotic cells (Ortega et al., 1999; Palatnik et al., 1999; Gó mez-Baena et al., 2006) . Notably, Arabidopsis GS2 was the direct target of abundant redox-sensitive thioredoxins in chloroplasts (Motohashi et al., 2001) .
The interconnections among Gln metabolism, redox, and SA contribute to our understanding of the SA-associated defense network. SA synthesized in chloroplasts is a crucial signaling molecule in defense responses, but little is known of its exact function in the defense signaling pathway. Growing evidence has demonstrated that the master SA pathway regulators, PAD4 and NPR1, act positively up-and downstream of SA, respectively, and are involved in or regulated by cellular redox status. PAD4, an undefined lipase-like protein, together with its signaling partner EDS1, plays central roles in modulating oxidative stress in chloroplasts and in promoting leaf senescence (Rusté rucci et al., 2001; Wiermer et al., 2005; Mateo et al., 2006; Ochsenbein et al., 2006; Mü hlenbock et al., 2008) . NPR1 encodes an IkB-like regulatory protein, and its activation is tightly regulated by an SA-induced redox change (Mou et al., 2003; Fobert and Despré s, 2005) . More specifically, a recent study revealed that conformational changes (oligomer-monomer) of cytosolic NPR1 are regulated by the opposing actions of S-nitrosylation and TRX (Tada et al., 2008) , in a mechanism reminiscent of GS2 modifications in chloroplasts, as discussed above. Our results provide further genetic evidence that Gln deficiency-induced ROS/NO accumulation might be the ultimate source of redox imbalance in both chloroplasts and the cytosol. These redox perturbations will suppress Gln biosynthesis via the inactivation of GS2 and further stimulate SA production, PR gene expression, and cell death via activation of PAD4 and NPR1. The SA-associated pathway might be one of the key executors that functions downstream of this redox relay.
In summary, we demonstrated an intriguing role of a developmentally important amino acid transporter LHT1 in plant-pathogen interactions. In our proposed model, LHT1 appears to operate as a master switch (safety valve) to coordinate the partition/ allocation of Gln during the basal and systemic defense responses (Figure 9 ). During the progression of pathogen infection, the accumulation of electron equivalents driven by light predominantly in redox-active mesophyll cells is inevitable. The elevated reducing equivalents and subsequent ROS would inhibit GS2 and hence block Gln biosynthesis in chloroplasts. This in turn may augment the redox imbalance and promote the accumulation of ROS/SA in chloroplasts and subsequently in other compartments and eventually induce PR gene expression and cell death. To compensate for this deleterious effect, the affected host cells might be directed to acquire Gln, either from the biosynthesis via cytosolic GS1s or preferably from influx through the LHT1 transporter. Therefore, Gln homeostasis may be one of the checkpoints of life and death that is manipulated by both the host and the pathogen.
METHODS
Identification of LHT1 Homologs
More than 50 amino acid transporters were reported in the Arabidopsis thaliana genome (Liu and Bush, 2006; Rentsch et al., 2007) . Seven of them were closely related to LHT1, as determined by BLASTP (www. Arabidopsis.org), and analyzed by ClustalW using the conceptual translation products of cDNAs encoded by this gene family from the Arabidopsis Genome Annotation project. For simplicity, LHT1-like genes maintained their previously described names (Bock et al., 2006) but included new members, LHT9 and LHT10. LHT2 expression has been reported to localize specifically to tapetum cells during seed development (Lee and Tegeder, 2004) . Two previously assigned genes, LHT4 and LHT7, were excluded from this cluster due to their low putative protein identities with LHT1, merely 37 and 32%, respectively.
Isolation of T-DNA Insertion Mutants and Generation of Double or Triple Mutants
All of the T-DNA insertion lines were generated by SIGnAL and obtained from the ABRC, except where specified. Six homozygous SALK lines (SALK_034566, SALK_036871, SALK_026389, SALK_115555, SALK_ 000545, and SALK_083700) that affect LHT1 were screened by three rounds of PCR using both gene-specific and T-DNA left border primers (see Supplemental Table 2 online for oligo sequences used in this study). T-DNA insertions were confirmed by sequencing of the conjunction regions. Other T-DNA insertion lines that were identified by similar approaches and used in this study include ald1-T2, apx1-T1, rbohD-T1, pad2-T1, and nudt7-T1. The point mutation lines npr1-3 (Cao et al., 1997) , sid2-1 (Nawrath and Mé traux, 1999) , pad4-1 , ein2-1 (Roman et al., 1995) , etr1-1 (Chang et al., 1993) , and jar1-1 (Staswick et al., 2002) , the transgene line NahG (Lawton et al., 1995) , and the insertion/deletion line nia1-1 nia2-5 (Wilkinson and Crawford, 1993) have been described elsewhere. All mutants were derived from the Columbia-0 (Col-0) background, except where noted. The double or triple mutants were generated by genetic crossings, and the homozygosity of these mutants was confirmed by PCR amplification, sequencing, and/or phenotypic screening when necessary. Detailed male/female parent pedigrees and their seed stock numbers are listed in Supplemental Table 1 online. All the oligo sequences used in this study for screening or DNA/cDNA amplification can be found in Supplemental Table 2 online.
Plant Growth, Pathogen Infection, and Disease Resistance Assays
Arabidopsis wild type (Col-0) and their corresponding mutants were grown routinely in growth chambers. Two illumination conditions, a 16-h photoperiod (long day) and an 8-h photoperiod (short day), were applied. The disease tests and gene expression analyses were performed at short-day conditions (Liu et al., 2005 (Liu et al., , 2007a .
Pseudomonas syringae pv tomato DC3000 strains harboring plasmid pVSP61 (virulent strain) or pV288 containing the avrRpt2 gene (avirulent strain) (Maldonado et al., 2002) and a hrcC deletion mutant defective in protein secretion (Wei et al., 2000) were grown at 298C in liquid King's B medium (Difco) containing rifampicin (100 mg mL 21 ) and kanamycin (50 mg mL 21 ). Overnight log phase cultures were grown to an optical density at OD 600 of ;0.6 to 0.8 (OD 0.1 = 10 8 colony-forming units (cfus) mL 21 ) and diluted with 10 mM MgCl 2 before inoculation. The bacterial suspensions were infiltrated into the abaxial surface of a leaf using a 1-mL syringe without a needle. The inoculation concentrations were 10 5 cfu mL 21 for both virulent and avirulent strains and 10 6 cfu mL 21 for the hrcC strain. Control inoculations were performed with 10 mM MgCl 2 . At various time points after inoculation, three sets of samples containing eight leaf disks (4 mm in diameter) randomly collected from several plants in each set were ground in 10 mM MgCl 2 and serially diluted. Each dilution was spread onto three to six plates containing King's B medium and antibiotics rifampicin (100 mg mL 21 ) and kanamycin (50 mg mL 21 ). Plates were incubated at 298C for 2 d, and the number of colonies was recorded.
Erysiphe cichoracearum was maintained and propagated on cucumber (Cucumis sativus) plants (variety Sweet Slice, McKenzie, MB). Fresh mildewed cucumber plants were prepared every month. Arabidopsis plants were placed in settling towers and inoculated with conidia by tapping heavily infected cucumber leaves above the Arabidopsis plants. High-density inoculations (20 to 50 conidia mm 22 ) were used for disease severity tests. Low-density inoculations (5 to 10 conidia mm 22 ) were employed for GS activity studies during the infection time course. After 30 min, the inoculated plants were returned to the growth chamber for further investigation.
Colletotrichum higginsianum Sacc, isolate (IMI349061), originating from Brassica rapa, was obtained from CABI Bioscience. The C. higginsianum was propagated and handled in experiments as described previously (Liu et al., 2007a) . For disease assays, Arabidopsis plants were sprayed with conidial suspensions (1 3 10 6 spores mL 21 in distilled water) or spotted with 12-mL droplets of the conidial suspension on the leaf surface on either side of the leaf midvein. Immediately after inoculation, the inoculated plants were placed in a 100% humidity chamber, where they remained for 2 d.
In Situ Detection of Reactive Oxygen/Nitrogen Species and Callose Accumulation
Macroscopic detection of H 2 O 2 accumulation by DAB staining was performed as described (Liu et al., 2007a (Liu et al., , 2007b . Subcellular localization of H 2 O 2 and NO in pathogen-infected leaf tissues at various time points after inoculation were monitored by confocal laser scanning microscopy (Zeiss LSM510) after infiltration with 50 mM H 2 O 2 -sensitive dye, DCF-DA (Molecular Probes), or 10 mM NO-sensitive dye, DAF-DA (Molecular Probes), respectively, according to the dye-specific excitation/emission wavelength (488/505 to 530 nm for both dyes). Background chlorophyll autofluorescence emission was monitored with a 650-nm long-pass filter. Nuclear localization and the morphology of hypersensitively reacting cells were examined by dual staining with 10 mM Hoechst 33342 (Molecular Probes) and 10 mM propidium iodide (PI) under the excitation/emission wavelengths of 405/410 to 450 nm and 488/>560 nm, respectively, in multitrack mode.
For callose staining, whole leaves were collected at different time points after bacterial or fungal infection and stained with aniline blue (Hauck et al., 2003) . Callose deposition was examined using an Axioplan epifluorescence microscope (Carl Zeiss).
Affymetrix ATH1 Array Analysis
Arabidopsis wild-type and lht1-1 mutant plants were grown for 3 weeks in a short-day chamber, in the presence or absence of Pst DC3000 infiltration at a concentration of 10 5 cfu mL 21 . Total RNA was extracted using the phenol/chloroform/LiCl method from leaves 48 h after pathogen infection. Homogeneous populations of leaves were used to better represent expression profiles. To that end, leaves at the same stages (fully expanded) were hand-selected and pooled together for each biological replicate. Biotinylated cRNA was prepared according to the standard Affymetrix protocol from 6 to 10 mg total RNA. Hybridization, washing, and scanning were performed at the Bio-Array Resource Center, University of Toronto, using Arabidopsis ATH1 genome oligonucleotide chips (www.csb.utoronto.ca/resources/facilities/affymetrix-genechip). The reproducibility of the microarray analysis was assayed by triplicate replication of each experiment. For analysis, 12 microarrays were imported into R package Affy (Gautier et al., 2004) . Subsequent background correction and quantile normalization were performed with all microarrays using the robust multianalysis package implemented in Bioconductor (http://www.bioconductor.org). Model-based analysis was performed by perfect match only analysis using the R package linear model of microarray analysis (LIMMA) (Smyth, 2004) . By reading the data and creating an expression set of the data after log2 transformation, a linear model was fitted and pairwise comparisons were performed. The LIMMA package was used because it has better precision than Microarray Suite version 5.0 (MAS 5.0) and it is suitable for experiments with a small sample size (Bolstad et al., 2003) . For each probe, a fold change and corresponding P value measuring the statistical significance of differentially expressed genes were calculated from an empirical Bayes approach to compute moderated t-statistics (Smyth, 2004) . All of the P values were then corrected for multiple testing by applying false discovery rate from Benjamini and Hochberg (1995) . Genes were considered differentially expressed if the P value was <0.05 and the fold change in expression level was >2. An overall test of significance for a gene that is differentially expressed on any contrast was prepared in LIMMA. Venn diagrams were generated from two contrasts to examine the overlapping genes using F-statistics with a P value below 0.05 (Smyth, 2004) . Gene functional annotations were obtained from the Bio-Array Resource Center using the probe set numbers provided by the GeneChip manufacturer (Affymetrix). Biochemical pathway analyses were conducted using the AraCyc database (www.Arabidopsis.org/tools/aracyc).
Profiling of Amino Acids
Three sets of pooled leaves were collected from wild-type or mutant plants 3, 6, and 9 DAI with Ec. Materials were collected at the same time points for control wild-type and mutant plants. The samples were extracted using the EZ:faast Kit (Phenomenex). Amino acids were separated by gas chromatography-mass spectrometry (Pickering Laboratories), and data were analyzed according to the manufacturer's instructions.
Generation of Promoter-GUS Fusions and Transgenic Plants
The promoter-GUS fusion consisted of the region 1906-bp upstream of the LHT1 start codon promoter and uidA (GUS). The promoter fragments were amplified from genomic DNA using primers 59-GTCGACGA-ATTCTCCATAGACGAGTCACGAGAGA-39 and 59-CCATGGATCCGGT-GAGAGGTTGAGAGGGAGA-39, which incorporated flanking restriction enzyme sites RcoRI and NcoI, respectively. The fragment was then subcloned into EcoRI/NcoI in pBluescript SK (Stratagene). After verifying the sequence fidelity by sequencing, the promoter was fused into the same restriction sites in frame with uidA of pCAMBIA3301 to replace the constitutive promoter cauliflower mosaic virus 35S. The fusion construct was transformed into Agrobacterium tumefaciens strain EHA105 by electroporation and subsequently into Arabidopsis using the floral dip method described by Clough and Bent (1998) . The GUS staining patterns of transgenic plants were examined before and after pathogen infections as described (Jefferson et al., 1987) .
GFP Detection in Transgenic Plants Using Confocal Microscopy
Transgenic AMT1;1 pro -AMT1;1-GFP Arabidopsis leaves were subjected to confocal microscopy to detect GFP fluorescence (green) at 3 DAI with Ec. The red fluorescence of PI (5 ng mL 21 ) was used to visualize plant cell walls and fungal haustoria.
Seedling Plate Assays
To examine seedling growth on plates, surface-sterilized seeds were planted on complete MS medium or MS without a nitrogen source (MS-N) and supplemented with different concentrations of amino acids or other chemicals, based on the experimental design. The chemicals were purchased from Sigma-Aldrich or Alfa Aecar, and all the media were supplemented with 2% sucrose and 1% Bacto agar (BD Bioscience). All supplemental compounds were filter sterilized before being added to the base medium.
Plant Treatment with Chemicals
For the analysis of reactive oxygen/nitrogen species on GS activity, the 4-week-old Arabidopsis wild-type leaves were infiltrated with solutions containing 0.5 mM glucose and 0.5 units mL 21 of glucose oxidase (which produces a sustained level of 6 to 10 mM of H 2 O 2 in plant cells; Delledonne et al., 1998) , with or without the addition of 300 units mL 21 catalase, 0.5 mM sodium nitroprusside (a NO donor equivalent to 1.2 mM NO in plant cells; Delledonne et al., 2001) , with or without the addition of 500 mM 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (a NO scavenger), or with or without the addition of both glucose oxidase and sodium nitroprusside. The leaves were collected at 3, 8, and 12 h after treatments for protein extraction and the GS activity assay.
To determine the effect of L-PPT treatment on chlorosis development and defense gene expression, 4-week-old plants were sprayed with different concentrations of L-PPT. The treated leaves were photographed at a time course or collected for further analyses (e.g., RNA gel blotting). To establish the effect of Gln on H 2 O 2 production, the leaves were stained with DAB 24 h after infiltration with various concentrations of Gln. To gauge the effect of Gln on L-PPT-induced cell death, the leaves were sprayed with 10 mg mL 21 of L-PPT immediately after infiltration with 0.1, 1, or 10 mg mL 21 of Gln.
Measurement of Free SA
Four-week-old plants were sprayed with 10 7 cfu mL 21 of Pst DC3000 suspension containing 0.02% Silwet L-77 (Lehle Seeds) or inoculated with 10 6 mL 21 of Ch conidia and then incubated under 100% humidity in a growth chamber (18 6 28C with an 8-h photoperiod at a light intensity of 150 mE m 22 s 21 ). Mock-treated plants were employed as controls. One hundred grams of ground tissue was extracted and analyzed by HPLCmass spectrometry at the indicated times (Quattro Ultima; Micromass) according to a previously published protocol (Chiwocha et al., 2003) .
RNA Gel Blot Analyses
Arabidopsis leaves, inoculated or not, were collected at various intervals as specified, flash frozen in liquid nitrogen, and stored at 2808C until required. Total RNA extraction from control or treated leaves as well as RNA gel blot analysis was performed as described (Liu et al., 2005) . Probes, consisting of the entire or partial coding region of LHT1, seven LHT1-like genes, PR1, PR2, PDF1.2, and AMT1;1 were amplified by either RT-PCR using gene-specific primer pairs, at least one of which was specific for 59-or 39-untranslated regions, or by PCR from cloned plasmids. The RT-PCR was performed using total mRNAs that were isolated from whole plants of wild-type Arabidopsis. The RT-PCR products were visualized in agarose gels using ethidium bromide staining, purified using a QIAquick PCR purification kit (Qiagen), and confirmed by sequencing. The introduction of 59-or 39-untranslated regions during primer design improves efficiency and specificity for both amplification and hybridization. The oligo sequences of these primers are listed in Supplemental Table 2 online. All RNA gel blot analyses were conducted with at least two biological replicates.
Chloroplast Isolation
High-efficiency chloroplast isolations were performed according to Rensink et al. (1998) from 4-week-old Arabidopsis wild-type rosette leaves 3 to 6 DAI with Ec or a mock inoculation. Briefly, 10 g fresh weight of leaves were collected and ground in a polytron blender in 100 mL of icecold buffer (330 mM sorbitol, 20 mM tricine/KOH, pH 8.4, 5 mM EGTA, 5 mM EDTA, 10 mM NaCO 3 , 0.1% BSA, and 330 mg L 21 ascorbate). The suspension was filtered and centrifuged for 5 min at 3000 rpm to harvest the crude chloroplast fraction. The crude fraction was resuspended in 40% (v/v) Percoll/grinding buffer and topped onto 10 mL of Percoll/ grinding buffer gradient consisting of 2 mL of 70% (v/v) (bottom), 4 mL of 50% (v/v) (middle), and 4 mL of 40% (v/v) (top), respectively, in a 15-mL polycarbonate tube, then followed by centrifugation for 15 min at 5000 rpm in a HB-4 rotor with the brake off. The interface between 50% and 70% Percoll/grinding buffer was harvested. The chloroplasts were isolated by centrifugation and resuspended in 3 volumes of grinding buffer. The intactness of the chloroplasts was assessed by microscopy and found to be >85%. Chloroplast suspensions were directly used for protein extraction or stored at 2808C for further use.
Protein Extraction and Immunoblot and Enzyme Activity Assays
The protocols used for protein extraction and immunoblot analysis were as described by Bennett and Cullimore (1989) , with some modifications. Briefly, Arabidopsis leaves were ground in liquid nitrogen and homogenized in a solution (50 mM Tris, pH 8.0, 2 mM EDTA, 10% [v/v] glycerol, and 10 mM 2-merceptoethonal). The homogenates were centrifuged at 12,000 rpm for 3 min at 48C. Total protein concentration was determined using the Bradford assay (Bradford, 1976) , with BSA as standard. About 8 mg of protein was separated by 12% SDS-PAGE, electroblotted onto polyvinylidene fluoride membrane (Bio-Rad), and blocked with TTBS (20 mM Tris, pH 7.6, 137 mM NaCl, and 0.1% [v/v] Tween 20) containing 4% skim milk. The blocked blot was then incubated with 18 mg of lyophilized anti-GS serum (Bennett and Cullimore, 1989) in 10 mL of TTBS at 378C for 2 h. After several washes with TTBS, the membrane was incubated at room temperature for 2 h with horseradish peroxidase-conjugated antirabbit IgG (1:15,000) (Amersham), and the immune complexes were detected using enhanced chemifluorescence reagents.
The activity of Gln synthetase was measured following a modified procedure of Bennett and Cullimore (1989) . Isolated proteins were preincubated in GS activity assay buffer (70 mM MOPS, pH 6.8, 100 mM Glu, 50 mM MgSO 4 , 15 mM NH 2 OH, and 15 mM ATP) at 378C for 30 min. The reaction was then terminated by adding an acidic FeCl 3 solution, consisting of 88 mM FeCl 3 , 670 mM HCl, and 200 mM trichloroacetic acid. The products were quantified spectrophotometrically at 498 nm using g-glutamyl hydroxymate as the standard.
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